The drinking water distribution system of Cremona, in the north of Italy, was monitored for 6 years (2006)(2007)(2008)(2009)(2010)(2011) analyzing chlorine dioxide, chlorite, and chlorate concentrations. The software Epanet 2.0 (USEPA) was applied to the distribution system. The mixing zone of the water coming from the two drinking water treatment plants, respectively located to the west and east of the city, was estimated using the software. Propagation of chlorine dioxide, chlorite, and chlorate was simulated . The mixing zone of the water in the distribution system was determined, and the comparison between measured and simulated concentrations showed the usefulness of the model for predicting disinfectant and by-product propagation in the distribution system.
INTRODUCTION
Disinfection is applied in drinking water treatment plants (DWTPs) to ensure water quality and to avoid bacterial contamination in drinking water distribution systems (DWDSs). If chlorine dioxide (ClO 2 ) is used as a disinfectant, chlorite (ClO 2 À ) and chlorate (ClO 3 À ) can be produced as DBPs. In fact, ClO 2 À and ClO 3 À can be produced during the ClO 2 generation process in the DWTP (Equations (1) and (2)), during water treatment and in the DWDS. Concerning the ClO 2 generation process in DWTPs, ClO 2 À can be used as a reagent to produce ClO 2 in DWTPs. In particular, ClO 2 can be generated by ClO 2 À oxidation with chlorine. Moreover, ClO 2 À and ClO 3 À can be produced from the interaction between ClO 2 and hypochlorite (OCl À ) (Equation (3)) (Gates et al. ) :
Prediction of the disinfectant residual and DBP propagation in a DWDS can be achieved using water distribution modeling (WDM), which allows simulation and evaluation of a DWDS under different operating conditions. For example, the software Epanet 2.0 is a WDM in the public domain, developed by the United States Environmental Protection Agency (USEPA), which models the hydraulic and water quality behavior of water distribution piping systems (Rossman ) .
In the literature, several studies are available on the measurement and modeling of chlorine and chlorate in found that residuals varied widely both spatially and temporally; moreover, they observed that long residence times in storage tanks caused low or nonexistent residual disinfectant concentrations in the DWDS; further, they found that supply system operation has a significant effect on the distribution and concentration of chlorine residuals in the DWDS (Clark et al. ) . Since chlorine is the most popular and traditional disinfectant, most modeling efforts have been focused on trihalomethanes (THMs) (Sadiq & Rodriguez  
MATERIAL AND METHODS
Drinking water supply system of Cremona (Italy)
The drinking water supply system studied is located in the city of Cremona (76,000 inhabitants), in the north of Italy. Groundwater is withdrawn by two well fields, respectively consisting of nine wells and ten wells, and respectively located in the north-west and east of the city; each well field is capable of providing a maximum ClO 3 À . The reaction kinetic for ClO 2 is described by a firstorder reaction:
The reaction kinetics for ClO 2 À and ClO 3 À are described by zero order reactions:
The ln(residual ClO 2 ) versus time determined by batch experiments at laboratory scale is shown in Figure 6 (a). 
Analytical methods
The ClO 2 residual concentration during the batch experiments was determined with a residual chlorine analyzer ( 
RESULTS AND DISCUSSION
Analysis of the residual chlorine, chlorite, and chlorate concentrations in the real distribution system
The residual Cl 2 , ClO 2 À , and ClO 3 À concentrations were analyzed at 26 points of the DWDS from 2006 to 2011 (Figure 7 ).
The results show that the residual Cl 2 was always below the WHO GV of 0.2 mg L À1 and sometimes was absent (Figure 7(a) ). This is a negative aspect, since the chlorine absence implies a null protection from bacterial contamination at these points of the DWDS, so water safety cannot be ensured. Determination of the mixing zone
The simulations aimed at determining the water mixing zone showed that, dosing salt in the east DWTP and pumping station, a salt concentration diverse from zero in the modeled DWDS reached the junctions more distant from the east DWTP and from the pumping station for the first time at 6.00 a.m. and at 7.00 a.m. The salt concentration in the modeled DWDS after 6 and 7 hours from the start of the salt dosing (70,000 mg L À1 ) in the east DWTP is reported in Figure 8 . After 6 and 7 hours, the farthest points of the DWDS reached by the salt were junctions a, c, e, g, h, and i.
Dosing salt in the west DWTP, a salt concentration diverse from zero in the modeled DWDS reached the junctions more distant from the west DWTP for the first time at 7.00 p.m. and at 11.00 p.m. The Residual chlorine, chlorite, and chlorate propagation in the modeled distribution system
The Cl 2 residual in the modeled DWDS at 10 a.m. after one month from the start of the disinfectant dosing in both the DWTPs is reported in Figure 11 The correlation between the measured and modeled residual Cl 2 concentrations was evaluated (Figure 11(b) and Table 1 ). The model tends to overestimate the residual Cl 2 concentrations in 67% of the cases, compared to the measured concentrations in the real DWDS. Considering the root mean square error (Table 1) , half the results showed a high error value (>0.100). This result can be due to the fact that the pipe wall effect was not evaluated in the simulation, because of the difficulty in simulating this effect at laboratory scale, while in the real system the additional reactions at pipe walls could influence water quality and, therefore, the disinfectant consumption. For instance, pipe material and biofilm in pipes could affect the water quality, determining a high ClO 2 consumption.
Moreover, it is possible that in the real system, a residual contaminant in water (e.g., NOM) can react with the disinfectant, determining a higher ClO 2 consumption and, consequently, lower Cl 2 residual concentrations. These aspects, which were not evaluated in the model, should be further investigated in future studies.
The ClO 2 À concentration in the modeled DWDS at 10 a.
m. after one month from the start of the disinfectant dosing in both the DWTPs is reported in Figure 12 (Table 2) , only a few results showed a high error value (>0.100). As for the Cl 2 results, the differences between the modeled and measured ClO 2 À concentrations were due to the aspects previously explained.
The ClO 3 À concentration in the modeled DWDS at 10 a.m.
after one month from the disinfectant dosing in both the DWTPs is reported in Figure 13(a) . The results showed a The correlation between the measured and modeled ClO 3 À concentrations was evaluated (Figure 13(b) ). As for ClO 2 À , the model tends to overestimate the residual ClO 3 À concentrations in 75% of the cases, compared to the measured concentrations in the real DWDS. Considering the root mean square error (Table 3) , only one result showed a high error value (>0.100). Also in this case, the differences between the modeled and measured ClO 3 À concentrations were probably due to the aspects previously explained.
CONCLUSIONS
In this work the distribution system of Cremona, in the north of Italy, was monitored for 6 years (2006) (2007) (2008) (2009) (2010) (2011) analyzing residual chlorine, chlorite, and chlorate con- Moreover, the water mixing zone in the distribution network was determined. 
